͒ has long been considered as an optical activator or as a sensitizer in a large number of midinfrared ͑mid-IR͒ solid-state laser host materials due to its rich energy level structure. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Among the entire group of rare-earth ions, the Er 3+ ion has been investigated in detail since intense green emission from Er 3+ is observed in a number of laser hosts. The first continuous-wave upconversion laser was demonstrated in Er 3+ doped into YAlO 3 . YAlO 3 is similar to yttrium aluminum garnet, but superior to yttrium lithium fluoride in terms of hardness, thermal conductivity, and optical properties. [15] [16] [17] It is known to be the second most successful rare-earth laser host material with a band edge between 0.3 and 5.8 m ͑Ref. 18͒ and is considered to be one of the most efficient laser hosts. When doped with erbium ions, it could produce several upconversion laser emissions between 510 nm and 2.7 m.
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Yttrium orthoaluminate ͑YAlO 3 ͒ has the perovskite structure, and it is often referred to as yttrium aluminum perovskite. It exhibits orthorhombic symmetry having four molecules per unit cell and space group D 2h 16 ͑Pbnm͒. Trivalent erbium ͑Er 3+ ͒ ions substitute the trivalent Y 3+ ions on entering the YAlO 3 lattice, thereby requiring no charge compensation. Since the point-group symmetry at these sites is low C 1h , radiative transitions between all levels of the 4f 11 electronic configuration of Er 3+ are allowed. 20 The Er ions occupy C s site symmetry when doped into YAlO 3 .
21
In this study, we report an in-depth Judd-Ofelt ͑JO͒ ͑Refs. 22 
II. EXPERIMENTAL DETAILS

A. Materials
Single crystals of YAlO 3 containing Er 3+ ͑1.0 at. %͒ were grown using the Czochralski pulling method from the melt in air using platinum crucibles. The crystals used in the present study were obtained from Kokta of Bicron. Based on a distribution coefficient that allows for 96% of the Er 3+ ions to be incorporated into the crystal and based on the dopant concentration in the melt, the ion concentration was determined to be approximately 1.9ϫ 10 20 cm −3 in the crystal. The spectroscopic sample was optically polished to flat parallel faces and had dimensions of 3 ϫ 4 ϫ 2 mm 3 .
B. Absorption measurements
An upgraded Cary model 14R spectrophotometer controlled by a desktop computer was used to acquire the room temperature absorption spectra for Er 3+ : YAlO 3 . The room temperature absorption spectra covering the wavelength range between 325 and 700 nm and between 725 and 1700 nm are shown in Figs. 1 and 2 , respectively. The spectral bandwidth was kept fixed at 0.1 nm over the entire wavelength range to obtain an optimum signal-to-noise ratio. 
C. Fluorescence and lifetime measurements
where J and JЈ represent the total angular momentum quantum numbers of the initial and final manifold states, respectively; N 0 is the Er 3+ ion concentration; is the mean wavelength of the specific absorption band that corresponds to the J → JЈ transition; n is the refractive index ͑RI͒, which is a function of wavelength; ⌫ = ͐␣͑͒d is the integrated absorption coefficient as a function of ; c is the speed of light; and h is Planck's constant. The factor 9 / ͑n 2 +2͒ 2 in Eq. ͑1͒ represents the local field correction for the ion in the dielectric medium.
The wavelength-dependent index of refraction n was determined using Sellmeier's dispersion equation, 3 . These JO parameters were used to recalculate the transition line strengths of the absorption bands using Eq. ͑3͒. The measured and calculated absorption line strengths are tabulated in Table I . The accuracy of fit between S meas and S calc is given by the rms deviation squared ͑⌬S͒ 2 and is given in Table I. The JO parameters can then be used to calculate the radiative decay rates for transitions from the upper manifold ͑J͒ to the corresponding lower-level manifolds ͑JЈ͒ according to Eq. ͑4͒,
where S calc represents the line strength for the electric-dipole transition from the upper multiplet manifold J to the corresponding lower-lying multiplet manifolds JЈ. The refractive indices ͑n͒ in Eq. ͑4͒ are determined by using Eq. ͑2͒. The radiative lifetime r for an excited state ͑J͒ is calculated by
The fluorescence branching ratios, ␤͑J → JЈ͒, were determined from the radiative decay rates by using the following expression:
where the sum runs over all final manifold multiplets JЈ. where is the central peak wavelength, ␤͑J , JЈ͒ is the fluorescence branching ratio from the upper manifold state J to the lower manifold state JЈ, r is the radiative lifetime of the excited manifold state J, and g͑͒ is the line shape function. The line shape function can be obtained from the fluorescence spectrum using the following relation:
where I͑͒ is the intensity at wave number . According to Eq. ͑8͒, the line shape function g͑͒ for the chosen transition was determined by dividing the intensity I͑͒ by the integrated area of the fluorescence spectral band. The peak emission cross section for the 4 I 13/2 → 4 I 15/2 and the 4 S 3/2 → 4 I 15/2 transitions has been determined using the following expression for a Gaussian line shape:
where A͑Y 1 → Z 1 ͒ is the radiative transition rate from the lowest Stark level ͑Y 1 ͒ of the 4 I 13/2 manifold to the lowest Stark level ͑Z 1 ͒ of the 4 I 15/2 manifold, p is the wavelength at the peak position of the emission band, n is the RI, c is the speed of light, and ٌv is the full width at half maximum linewidth given in cm −1 . The values for emission cross section and peak emission cross section were determined to be 1.82ϫ 10 −20 and 1.44 
B. Crystal-field analysis
One of the remarkable aspects of the room temperature absorption spectrum is the detail that is observed in the individual manifold spectra that show well resolved structure attributed to the crystal-field splitting of each manifold. 21 Figure 3 shows the spectrum representing transitions between many of the Stark levels of the ground-state manifold 4 I 15/2 ͑Z 1 through Z 8 ͒ to the first excited manifold 4 I 13/2 ͑Y 1 through Y 7 ͒ observed between 1450 and 1625 nm. The transitions between the Stark levels shown in Fig. 3 were analyzed to give the splitting of the 4 I 13/2 and 4 I 15/2 manifolds reported in Table IV . The values agree within the experimental error to those reported by Donlan and Santiago. 34 The calculated splitting for these manifolds is given in Table IV ͑column 4͒ and was first reported by O'Hare and Donaln. 35 The room temperature crystal-field splitting is similar to that reported earlier at 4.2 K. 35 Of equal interest is the detailed structure observed in the room temperature fluorescence from 4 I 13/2 to 4 I 15/2 shown in Fig. 4 . The analysis of this fluorescence is given in Table V and confirms the crystal-field analysis of these two manifolds shown in absorption in Fig. 3 . For some time, it was hoped that an efficient, low-threshold ͑eye safe͒ laser near 1.5 m could be developed. 16, 20, 36, 37 With the more recent investigations on upconversion processes however, it is apparent that IR stimulated emission can be obtained between other manifolds as well. 
